RhoGTPases are crucial molecules in neuronal plasticity and cognition, as confirmed by their role in non-syndromic mental retardation. Activation of brain RhoGTPases by the bacterial cytotoxic necrotizing factor 1 (CNF1) reshapes the actin cytoskeleton and enhances neurotransmission and synaptic plasticity in mouse brains. We evaluated the effects of a single CNF1 intracerebroventricular inoculation in a mouse model of Rett syndrome (RTT), a rare neurodevelopmental disorder and a genetic cause of mental retardation, for which no effective therapy is available. Fully symptomatic MeCP2-308 male mice were evaluated in a battery of tests specifically tailored to detect RTT-related impairments. At the end of behavioral testing, brain sections were immunohistochemically characterized. Magnetic resonance imaging and spectroscopy (MRS) were also applied to assess morphological and metabolic brain changes. The CNF1 administration markedly improved the behavioral phenotype of MeCP2-308 mice. CNF1 also dramatically reversed the evident signs of atrophy in astrocytes of mutant mice and restored wt-like levels of this cell population. A partial rescue of the overexpression of IL-6 cytokine was also observed in RTT brains. CNF1-induced brain metabolic changes detected by MRS analysis involved markers of glial integrity and bioenergetics, and point to improved mitochondria functionality in CNF1-treated mice. These results clearly indicate that modulation of brain RhoGTPases by CNF1 may constitute a totally innovative therapeutic approach for RTT and, possibly, for other disorders associated with mental retardation.
INTRODUCTION
Proteins belonging to the RhoGTPases' family, including Rho, Rac, and Cdc42 subfamilies, have a crucial role in neural plasticity and act as molecular switches (EtienneManneville and Hall, 2002 ) that respond to extracellular stimuli and induce dynamic changes in neuronal and glial morphology and functionality (Feltri et al, 2008; Hall, 2005; Luo, 2000; Nakayama et al, 2000; Tashiro et al, 2000) . In line with their central role in controlling structural plasticity and actin cytoskeleton dynamics (Etienne-Manneville and Hall, 2002; Hall, 2005) , aberrant Rho signaling has been reported to be associated with abnormalities in dendrites and spines in non-syndromic mental retardation, and to be responsible for cognitive impairments (Ramakers, 2002; van Galen and Ramakers, 2005) .
In line with these observations, activation of brain RhoGTPases by intracerebroventricular (icv) inoculation of the cytotoxic necrotizing factor 1 (CNF1), an Escherichia coli toxin, which catalyzes the deamidation of a single glutamine residue of the RhoGTPases Schmidt et al, 1997) , enhances learning and memory performances, induces a re-arrangement of cerebral actin cytoskeleton and enhances neurotransmission and synaptic plasticity in mice. All these effects persist for weeks and are strictly dependent on RhoGTPases activation (De Viti et al, 2010; Diana et al, 2007; Pavone et al, 2009) .
Recently, Rho GTPases signaling pathways have been suggested to be involved in the pathophysiology of a clinical variant of Rett syndrome (RTT) (Chen et al, 2011b) , a rare and severe neurodevelopmental disorder and a genetic cause of mental retardation. About 90% of classic RTT cases are caused by mutations in the methyl-CpG-binding protein 2 (MeCP2) gene (Amir et al, 1999; Chahrour and Zoghbi, 2007) . MeCP2 has multifunctional roles at the cellular level, mainly acting as a regulator of transcription (Chahrour et al, 2008; Hite et al, 2009; Ogier and Katz, 2008) . Anatomical features in brains of RTT patients and MeCP2-null mice include reduced dendritic arborization and dendritic spine formation as well as reduced synaptic plasticity (Belichenko et al, 2009; Gonzales and LaSalle, 2010; Moretti et al, 2006) . Recently, functional abnormalities in cultured astrocytes have been ascribed to MeCP2 deficiency, which may impact neuronal dendritic maturation (Ballas et al, 2009; Cahoy et al, 2008; Maezawa et al, 2009; Nagai et al, 2005) . No cure currently exists for this disabling disorder.
Notably, among the extracellular stimuli affecting RhoGTPases activity, well-established MeCP2 gene targets have been reported, such as brain-derived neurotrophic factor and corticotropin-releasing hormone (Chang et al, 2006; McGill et al, 2006; Miyamoto et al, 2006; Swinny and Valentino, 2006) . The MeCP2-deficient state in RTT brains could therefore prevent RhoGTPases from properly carrying out their functions.
To assess whether pharmacological interventions targeting RhoGTPases may be an effective therapeutic strategy for RTT, we evaluated the effects of a single icv injection of CNF1 at an advanced stage of the disease on RTT-like symptomatology and pathophysiological features in MeCP2-308 hemizygous (hz) male mice, a model of RTT that expresses a truncated form of the MeCP2 gene (De Filippis et al, 2010; Moretti et al, 2005 Moretti et al, , 2006 Shahbazian et al, 2002) . Magnetic resonance imaging (MRI) and spectroscopy (MRS), powerful non-invasive techniques, also allowed detailed in vivo detection of morphological, functional and metabolic features of the disease in selected brain areas as well as the effects of CNF1 treatment thereon.
MATERIALS AND METHODS

CNF1 Preparation
CNF1 was obtained from the 392 ISS strain kindly provided by V Falbo (Rome, Italy) and purified as previously described (Falzano et al, 1993) . In all experiments, the recombinant protein CNF1 C866S, in which the enzymatic activity on RhoGTPases is abrogated by change of cystein with serine at position 866 (Schmidt et al, 1998) , was used as a control. The plasmid coding for CNF1 C866S, purified as previously described (Falzano et al, 1993) , was kindly provided by E Lemichez (U627 INSERM, Nice, France). For further details, see Supplementary Methods.
Animals
To evaluate the efficacy of CNF1 on advanced RTT symptomatology, the experimental subjects were 8 months old hz male MeCP2-308 mice (B6.129S-MeCP2tm1Hzo/J, stock number: 005439; backcrossed to C57BL/6J mice for at least 12 generations from the Jackson Laboratories (USA)) and wt littermates. All procedures were carried out in accordance with the European Communities Council Directive (86/609/EEC) and formally approved by Italian Ministry of Health. For further details, see Supplementary Methods.
Icv Injections of CNF1
Mice were icv injected with 2 ml of either the CNF1 solution (10 À10 M) or the recombinant protein CNF1 C886S (10 À10 M) (as in De Viti et al, 2010; Diana et al, 2007; Pavone et al, 2009) 
Behavioral Testing
A battery of behavioral tests was carried out to determine CNF1 effects on cognition and motor function, the most affected behavioral domains in RTT.
Contextual and cued fear-conditioning tests. To evaluate CNF1 effects on cognitive abilities, 2 weeks after icv injection, mice underwent a cued and contextual fearconditioning test as described in (Moretti et al, 2006) . For further details, see Supplementary Methods.
Nest-building behavior. To evaluate forelimb motor capacities in a nest-material manipulation task, one piece of filter paper (10 Â 12 cm; 1 g) was provided to each singly housed mouse three weeks after icv injection (see also, Moretti et al, 2005) . After 1, 48 and 72 h, quality of the nests was scored by a trained observer, blind to mouse genotype and treatment, using a four-point scale (Deacon, 2006) .
Home-cage spontaneous activity and its circadian variation. Spontaneous locomotor activity in the homecages was monitored continuously for 24 h for 7 days, 4 weeks after the icv injection (De Filippis et al, 2010) . The assessment of daily spontaneous activity was carried out by means of an automatic device using small passive infrared sensors positioned on the top of each cage (ACTIVISCOPE system, NEWBEHAVIOR, website: www.newbehavior.com). For further details, see Supplementary Methods.
Immunofluorescence and Morphometric Analysis of Brain Sections
After behavioral testing, an immunohistochemical analysis was conducted to characterize neuronal and astrocytic components in brain sections from MeCP2-308 mice and their wt littermates and CNF1 effects thereon. The neuronal cell populations were characterized in the hippocampus (dentate gyrus and CA1) and motor cortex. Immunoreactivity for GFAP, a specific marker of astrocytic cytoskeleton, was analyzed and morphometrically measured in brain areas that contain the two principal types of astrocytes, that is, hippocampus, which contains protoplasmic (grey matter type) astrocytes, and corpus callosum, which contains fibrous (white matter types) astrocytes. Morphometric analysis was performed as already described (Popoli et al, 2002) . GFAP-positive area of each field, expressed as mm 2 gave the astrocytic mean cell area for that field. Values obtained for each field were pooled to obtain a single mean value for each animal. In dentate gyrus, where single astrocytic cells could be more easily identified, the number of astrocytes was also counted in each field. In frozen sections from control mice, receiving the placement of the needle or the injection of 2 ml of vehicle, differences in GFAP immunolabeling were also evaluated (see Supplementary Results and Supplementary Figure S3) . For further details, see Supplementary Methods.
GFAP Western Blot Analysis
To confirm our immunohistochemical results, hippocampal GFAP content was determined by western blot. Twenty-five micrograms of total protein extracts were resolved on 10% SDS-PAGE and electrically transferred onto PVDF membranes. Following membranes blocking in TBS-T containing 5% skimmed milk, primary antibodies were added for 18 h at 4 1C. After washing, immunocomplexes were detected with HRP-conjugated species-specific secondary antibodies followed by enhanced chemiluminescence reaction. For further details, see Supplementary Methods.
Enzyme-Linked Immunosorbent Assay
Cytokines have an important physiological role in synaptic plasticity, neurogenesis, and neuromodulation (McAfoose and Baune, 2009 ). As Rho GTPases are known to negatively control inflammatory cytokine expression in astrocytes, we evaluated whether the expression of IL-6, IL-1b, and TNF-a is altered in MeCP2-308 mice and CNF1-induced activation of Rho GTPases can influence their expression in mouse brain tissue.
Brain levels of IL-6, IL-1b, and TNF-a were analyzed by using microtiter wells plates coated with anti-mouse IL antibodies (BioVendor-Laboratorni, Czeck Republic) according to the manufacturer's instructions. The absorbance was read on a spectro-photometer (Bio-Rad) using 450 nm as the primary wave length, with a sub-wave length of 650 nm.
MRS and MRI Experiments
Brain morphometric MRI analyses were carried out to determine whether the atrophic features of astrocytes were accompanied by a decreased brain volume in Mecp2-308 mice and CNF1 effects thereon. MRI evaluations were focused on brain areas that had been previously shown to be reduced in MeCP2-null mice: whole brain, motor cortex, and corpus callosum (Nag et al, 2009; Saywell et al, 2006) . Given the well-recognized role of the striatum and the hippocampus in the control of motor function and cognition, respectively, metabolic features of the disease and the effects of CNF1 treatment were evaluated by quantitative MRS in these brain areas.
One month after CNF1 administration, animals were anaesthetized with 3.5% sevoflurane in oxygen 2 l/min (Sevoflo, Abbott SpA, Latina, Italy) within an induction chamber. All MRI and MRS experiments were conducted on a 4.7 T Varian Inova animal system (Varian, Palo Alto, CA), equipped with actively shielded gradient system (max 200 mT/m, 12 cm bore size). A 6-cm diameter volume coil was used for transmission in combination with an electronically decoupled receive-only surface coil (Rapid Biomedical, Rimpar, Germany) . A quantitative MRS protocol, including water T2 measurements, was applied (Canese et al, 2011) . Spectra were analyzed using LCModel (Provencher, 1993 
Data Analysis
Data are mean ± SEM. Parametric analyses of variance (ANOVA) were performed on all data. Post hoc comparisons were performed using Tukey's test, which can be also used in the absence of significant ANOVA results (Wilcox, 1987) . For further details, see Supplementary Methods.
RESULTS
CNF1 Treatment Improves the Behavioral Phenotype of MeCP2-308 Mice
Cnf1 treatment significantly improved the cognitive performance of mutant mice in a fear-conditioning task. No significant changes were found as for inactivity levels during baseline ( Figure 1a ). In addition, the performance in the cued test was not affected by either genotype or treatment (% inactivity levels: wt control ¼ 34.3 ± 6.7; wt CNF1 ¼ 33.0 ± 5.8; hz control ¼ 39.9 ± 9.7; hz CNF1 ¼ 36.1±6.7).
Although inactivity levels were generally increased during the contextual test (in comparison with baseline values) (effect of phase: F(1,26) ¼ 54.57; po0.001), mutant mice showed a poorer performance in this cognitive task: unlike all the other experimental groups (po0.05), mutant control mice did not significantly increase their conditioned behavioral response during the test phase compared with baseline values (post hoc comparisons on the genotype * treatment * phase interaction: F(1,26) ¼ 2.82; p ¼ 0.105) ( Figure 1a ). These results are in line with a previous report on the same RTT mouse model (Moretti et al, 2006) . CNF1 significantly increased the conditioned response during the contextual fear-conditioning task (po0.05 after post hoc comparisons on the treatment * phase interaction: CNF1 improves mouth-and forelimb-dependent motor skills in mutant mice. As expected, when mice were followed for their ability to build a nest, the quality of the nests improved with time in all experimental groups (repeated measures: F(2,52) ¼ 40.64; po0.001). However, in line with a previous report (Moretti et al, 2005) , nestmaterial manipulation scores were generally lower in MeCP2-308 mice, suggesting a deficit in the integrated use of mouth and forelimbs (po0.05 after post hoc comparison (wt control vs hz control at 72 h) on the genotype * repeatedmeasure interaction: F(2,52) ¼ 3.32; p ¼ 0.044) (Figure 1b) . Importantly, the poor performance shown by MeCP2-308 mice was efficaciously improved by CNF1 treatment, which significantly increased the quality of the nests in both genotypes (po0.01 after post hoc comparison (wt control vs hz control at 72 h) on the treatment * repeated-measure interaction: F(2,52) ¼ 3.67; p ¼ 0.032) (Figure 1b ).
Cnf1 restores wt-like levels of home-cage nocturnal activity in mutant mice. In line with previous reports in RTT mouse models (Moretti et al, 2005; Stearns et al, 2007) , the evaluation of spontaneous locomotor activity during 24 h revealed that MeCP2-308 mice are generally less active than wt controls (genotype: F(1,24) ¼ 62.41; p ¼ 0.001) and fail to exhibit the hyperactivity profile usually emerging during the dark phase of the light/dark (L/D) cycle in rodents (po0.01 after post hoc comparisons on the genotype * phase interaction: F(1,24) ¼ 6.84; p ¼ 0.015) (Figure 1c) . Levels of activity exhibited during the dark phase of the L/D cycle appeared significantly increased in CNF1-treated mice (po0.01 after post hoc comparisons on the treatment * phase interaction: F(1,24) ¼ 4.63; p ¼ 0.041). The nocturnal peak of locomotor activity in mutant mice was thus restored (Figure 1c ).
Astrocytes in MeCP2-308 Mice Show Atrophic Features, Which are Reversed by CNF1
In line with a previous report (Moretti et al, 2006) , no significant differences were observed between the genotypes in dendritic tree and synapses in hippocampus and motor cortex, and CNF1 did not have any effect on those markers (Supplementary Results and Supplementary Figure S2) . Immunoreactivity of GFAP, a specific marker of astrocytic cytoskeleton, was analyzed in both dentate gyrus and corpus callosum, where astrocytes of grey and white matter types, respectively, are present. Both types of astrocytes in MeCP2-308 mice showed atrophic features, with fewer and poorly branched ramifications, when compared with wt animals. Morphometric analyses confirmed that GFAPpositive area was decreased in mutant mice. Although this difference was more marked in the dentate gyrus (po0. The cognitive performance of MeCP2-308 mice in a contextual fear-conditioning task was significantly improved by CNF1 treatment (12 days after CNF1 administration). The effects of icv inoculation of CNF1 C866S (control) or CNF1 on learning and memory abilities were evaluated as the increase in conditioned inactivity from the baseline. *po0.05; N ¼ 7-9. The recombinant protein CNF1 C866S, in which the enzymatic activity on RhoGTPases is abrogated by change of cystein with serine at position 866, was used as a control. (b) CNF1 icv inoculation improved nest material manipulation and nest construction abilities in fully symptomatic MeCP2-308 mice, thus rescuing the deficit in the integrated use of mouth and forelimbs (20 days after icv administration). The quality of the nest (score ¼ 0-4) was evaluated at 2, 48 and 72 h after the introduction of nesting material into the cage. N ¼ 7-9. (c) CNF1 restored wt-like levels of home-cage spontaneous circadian locomotor activity in fully symptomatic MeCP2-308 hemizygous (hz) mice, thus rescuing circadian cyclicity (1 month after icv inoculation). The infrared sensors (20 Hz) detected any movement of mice with a frequency of 20 events per second. Scores were obtained as counts per minute (c.p.m.) expressed during 1-h periods, and the 24-h profile of daily activity was obtained by averaging 7 days of continuous registration. N ¼ 6-8. MeCP2-308 mice. In dentate gyrus, both astrocytic cell number ( Figure 2e ) and astrocytic mean cell area (Figure 2f ) regained values close to wt after treatment with CNF1 (Figures 2g and h ).
CNF1 Significantly Contrasts IL-6 Overexpression in MeCP2-308 Brains
IL-1b levels were unaltered in mutant mice and CNF1 did not have any effect on this cytokine (data not shown). TNFa was significantly decreased in MeCP2-308 mouse brains (genotype: F(1,13) ¼ 19.51; po0.001, Figure 3a ) and CNF1 did not modify it. By contrast, IL-6 expression was significantly increased in mutant brains when compared with wt mice (genotype: F(1,10) ¼ 107.88; po0.001, Figure 3b ). Icv inoculation of CNF1 selectively decreased IL-6 levels in MeCP2-308 mice, thus contrasting its overexpression (po0.05 after post hoc comparisons on the genotype * treatment interaction: F(1,10) ¼ 10.34; p ¼ 0.009).
CNF1-Induced Brain Morphological and Metabolic Changes in Mutant Mice
Volumetric analyses. Microcephaly is a peculiar feature of RTT (Hagberg, 2002) . Volumetric MRI analyses confirmed a reduction in the whole brain of MeCP2-308 mice (genotype: F(1,15) ¼ 10.81; p ¼ 0.005) (Figure 4c ). In agreement with recent imaging studies, which demonstrated a reduction in corpus callosum thickness, associated with white matter pathologic features in RTT patients (Gotoh et al, 2001; Mahmood et al, 2010) (Figures 4a and b) was also found in MeCP2-308 mice. No changes were found in motor cortex of mutant mice and only a trend for increased motor cortex thickness was observed in CNF1-treated mice (F(1,8) ¼ 4.69; p ¼ 0.062) (Figure 4c ).
Brain metabolic profiles. In vivo MRI-guided 1 H MRS analyses at 4.7 T detected differences in the spectra acquired in the striatum and the hippocampus of MeCP2-308, wt and treated mice. Water T2 analyses confirmed that no changes occurred in the T2s within the groups confirming that the alterations observed in the NMR signals correspond to changes in the levels of metabolites (Supplementary Table S1 ).
In the hippocampus, in line with immunohistochemical results, CNF1 significantly increased levels of the astrocytic marker myo-inositol (Ins) (F(1,13) ¼ 8.30; p ¼ 0.013), thus supporting our immunohistochemical results (Figures 4g-i) . Notably, in this brain area CNF1 treatment concomitantly increased metabolites involved in: bioenergetics (phosphocreatine (PCr): F(1,9) ¼ 15.56; p ¼ 0.003 and total creatine (Cr) (ie, Cr + PCr): F(1,13) ¼ 17.08; p ¼ 0.001); synaptic efficiency (taurine (Tau): F(1,13) ¼ 24.23; po0.001); neuronal health (nacetylaspartate (NAA): F(1,13) ¼ 3.91; p ¼ 0.069 and total NAA (ie, NAA + nacetylaspartylglutamate: F(1,13) ¼ 10.56; p ¼ 0.006)); phospholipid metabolism (phosphocoline (PCho) + glicerophosphocoline (GPC): F(1,13) ¼ 5.23; po0.035) and the neurotrasmitter glutamate (Glu) (F(1,13) ¼ 5.22; p ¼ 0.026) (Figures 4g-i) . In the hippocampus, the NAA/total NAA ratio was increased in mutant mice (po0.05 after post hoc comparison on the genotype * treatment interaction: F(1,13) ¼ 4.96; p ¼ 0.044).
CNF1 restored wt-levels in mutants, thus normalizing NAA metabolism (po0.05 after post hoc comparison on the genotype * treatment interaction: p ¼ 0.044) (Supplementary Table S2 ). In line with a previous report (Saywell et al, 2006) , mutant mice also showed increased choline-containing compounds (ie, PCho + GPC) (F(1,13) ¼ 5.56; p ¼ 0.040), suggesting abnormal phospholipid metabolism.
In line with our previous findings (Ricceri et al, 2011 ) suggesting a role for the striatum in the pathophysiology of RTT, CNF1-induced metabolic changes followed a different profile in this brain area: post hoc comparisons on the genotype * treatment interactions revealed that wt-like levels of Ins (F(1,11) ¼ 6.21; p ¼ 0.030), Tau (F(1,12) ¼ 7.69; p ¼ 0.017), Glu (F(1,12) ¼ 5.02; p ¼ 0.047), total NAA (F(1,11) ¼ 7.01; p ¼ 0.023), and total Cr (F(1,12) ¼ 12.60; p ¼ 0.004) were restored by CNF1 in mutant mice (po0.05), in the absence of changes in wt controls (Figures 4e-f) .
DISCUSSION
At present, no cure exists for RTT patients. This study provides the first evidence of the potential efficacy of a new treatment based on modulation of RhoGTPases for RTT and indicates that the beneficial effects on several RTT-related behavioral domains of CNF1 are mediated by a restoration of astrocytic function and involve mitochondria functionality. Our results also provide the first in vivo evidence of astrocytic atrophy in a neurodevelopmental disorder.
Intellectual disability is a core symptom of RTT (Hagberg, 2002) . All the RTT mouse models so far available have been reported to show cognitive deficits (for a review, see Ricceri et al, 2008) , including MeCP2-308 mice (Moretti et al, 2006) . To evaluate CNF1 effects on cognitive performance, two tests were applied (fear-conditioning and novel object recognition), which assess different aspects of cognition and involve different brain areas. No changes were found in the cued version of the fear-conditioning test and in the novel object recognition task. Conversely, CNF1 treatment significantly increased the conditioned response of mutant mice in the contextual (hippocampal-dependent) version of the fear-conditioning test, thus improving their performance. As in mutant mice both anxiety-related profiles and activity levels in a novel environment are not affected by CNF1 administration (Supplementary Results and Supplementary Figure S1 ), treatment effects on the contextual fearconditioning test are unlikely due to increased fear response per se or habituation to the environment. These results thus support a selective beneficial effect of CNF1 on hippocampal-dependent cognitive processes.
MeCP-308 mice were significantly impaired in nestbuilding abilities, thus confirming a previous report (Moretti et al, 2005) . Such a deficit has been suggested to correspond to the apraxia of hand use described in RTT patients (Moretti et al, 2005) , a disorder of motor planning, characterized by the loss of the ability to execute or carry H spectra by using a quantitative protocol (which uses water as internal standard) and LCModel fitting program. Metabolite assignments: Cr, creatine; Gln, glutamine; Glu, glutamate; GPC, glicerophosphocholine; Gua, guanidoacetate; Ins, myo-inositol; NAA, nacetylaspartate; NAAG, nacetylaspartylglutamate; PCho, phosphocholine; PCr, phosphocreatine; Tau, taurine. Effect of genotype: h po0.05; Effect of treatment: RhoGTPases: a therapeutic target for Rett syndrome B De Filippis et al out purposeful movements (Hagberg, 2002; Leiguarda and Marsden, 2000) . Treatment with CNF1 significantly improved the poor performance of mutant mice in nest building, possibly improving the integrated and purposedirected use of mouth and forelimbs. In line with previous reports (Moretti et al, 2005; Stearns et al, 2007) , the evaluation of spontaneous locomotor activity during 24 h revealed a hypoactive profile during the nocturnal/active phase in mutant mice. Interestingly, no changes were found in locomotion during 1-h open field in mutant mice (Supplementary Results), thus suggesting that motor deficits per se are unlikely to be responsible for the hypoactivity of RTT mice. Administration of CNF1 increased nocturnal levels of spontaneous locomotor activity, thus restoring a wt-like profile in mutant mice. In the open field test, CNF1 also restored wt-like levels of rearings, an exploratory behavior (Supplementary Results and Supplementary Figure S1 ). As CNF1 did not affect motor coordination in the Dowel test and general locomotor activity in the open field (Supplementary Results), as a whole these results suggest that motivational impairments, rather than motor deficits per se, may be contrasted by CNF1 treatment.
As already reported (Moretti et al, 2006) , markers of neuronal dendritic tree and synapses were not affected in this mouse model characterized by a mild RTT phenotype. In line with recent in vitro studies that point to a critical role of astrocytes in the pathophysiology of RTT (Ballas et al, 2009; Maezawa et al, 2009) , our immunohistochemical data revealedFfor the first time in a RTT mouse model in vivoFa reduction in the number of the two principal types of astrocytes (protoplasmic and fibrous), analyzed in the hippocampus and the corpus callosum, respectively. Clear signs of atrophy were also detected in this cell population in mutants. Indeed, in cultured astrocytes, reducing MeCP2 levels using RNA interference leads to suppression of glial cell proliferation (Nagai et al, 2005) , highlighting the possibility that a similar mechanism may account for the lower number of astrocytes here reported in mutant brains. Although atrophic or degenerative changes in astrocytes have been previously described in chronic neurodegenerative diseases (Rodriguez et al, 2009; Rossi and Volterra, 2009 ) and major depression (Gosselin et al, 2009; Rajkowska and Miguel-Hidalgo, 2007; Si et al, 2004) , this is, to our knowledge, the first report of astrocytic deficits in a neurodevelopmental disorder.
Notably, astrocytic deficits were dramatically reversed five months after CNF1 administration, indicating persistent effects of a single CNF1 icv inoculation. Moreover, treatment effects were evident in both types of astrocytes (protoplasmic astrocytes in hippocampus and fibrous astrocytes in corpus callosum), thus suggesting a widespread effect of CNF1 on this cell population.
Our results are perfectly in line with a report showing that re-expressing Mecp2 in astrocytes of globally Mecp2-null mice improves their behavioral phenotype (Lioy et al, 2011) . The results of this recent publication thus suggest that a link between the rescue of astrocytic deficits and the CNF1-induced improvement in RTT symptomatology can be attempted. First, CNF1 treatment significantly improved memory of fear in mutant mice, increasing their conditioned response in the contextual test, a paradigm primarily dependent on hippocampal integrity (Phillips and LeDoux, 1992) . Considering the clear role played by astrocytes in hippocampal synaptic plasticity (Barker and Ullian, 2010; Henneberger et al, 2010) , the rescue of astrocytic atrophy and the increase in astrocyte number observed in the hippocampus of mutant mice suggests that cognitive improvement induced by CNF1 in symptomatic MeCP2-308 mice may be mediated by its effects on astrocytes. Indeed, the performance of mutant mice was not affected by CNF1 in the cued version of the fearconditioning task and the novel object recognition test (Supplementary Results), which are not hippocampaldependent (Langston et al, 2010; Langston and Wood, 2009 ). In addition, hippocampal lesioned mice have been reported to build poorer nests (Deacon et al, 2002) , thus further supporting a role for improved hippocampal functionality in CNF1-induced behavioral effects.
In MeCP2-308 mouse brains, an abnormal profile of cytokines was also observed (IL-6 was dramatically overexpressed, while TNF-a was downregulated), suggesting that the morphological deficits of astrocytes are accompanied by aberrant functionality. As high levels of IL-6 have also been reported to inhibit pro-inflammatory TNF-a (Petersen and Pedersen, 2005) , overexpression of IL-6 is not necessarily in contrast with the observed downregulation of TNF-a and could have a role in RTT etiopathology. Indeed, exposure to high levels of IL-6, as observed during normal aging, in certain neurodegenerative diseases and in mice overexpressing IL-6 in glial cells, results in neuropathological and functional alterations, including decreased synaptic plasticity and impaired neurogenesis (Bellinger et al, 1995; Campbell, 1998; Campbell et al, 1997 Campbell et al, , 1998 Godbout and Johnson, 2004; Heyser et al, 1997; Vallieres et al, 2002; Vereyken et al, 2007) .
In mutant mouse brains, CNF1 significantly counteracted IL-6 increase, but not TNF-a downregulation, suggesting a selective effect of CNF1 on the cytokine network. These results are in line with previous reports showing that the Rho-inhibiting toxin CdB upregulates inflammatory cytokine expression in astrocytes only in the presence of TLRligand challenges such as LPS (Borysiewicz et al, 2009; Konat et al, 2008) , thus suggesting that regulation of Rho GTPase on cytokine expression is dependent on the pathophysiological status of astrocytes. Consistently, we found that Rho GTPases activation did decrease, thus normalizing, IL-6 expression in mutants, without affecting wt levels.
How CNF1 can improve the signs of morphological and functional deficit in astrocytes, however, remains to be defined. CNF1 controls, via RhoGTPases' modulation, the organization of the actin network (Fiorentini et al, 1997) , whereas misregulation of actin cytoskeleton is associated with the disruption of GFAP meshwork and drugs preventing actin polymerization alter several physiological astrocytic functions (Lascola et al, 1998; Sergeeva et al, 2000) . Moreover, expression of a dominant-negative mutant of the Rac1 GTPase reduces astrocytes process motility and thus functionality (Nishida and Okabe, 2007) . Actin remodeling induced by CNF1 might thus have a role in CNF1-induced recovery of astrocytic function.
However, apart from cytoskeleton remodeling, RhoGTPases are known to have several other key roles (Heasman and Ridley, 2008) . A complex cross-talk among RhoGTPases family members has been found to regulate generation of reactive oxygen species (ROS) (Bokoch and Diebold, 2002; Diebold et al, 2004; Heyworth et al, 1993; Selvakumar et al, 2008) , a mechanism that has a pivotal role in host defense and bacterial killing (Koh et al, 2005; Miller and Britigan, 1997) . Indeed, MRS analysis revealed that CNF1 increases brain content of Tau, an amino acid that has a role in preventing oxidative damage of mitochondria (Rodriguez-Martinez et al, 2004; Parvez et al, 2008; Schaffer et al, 2009) , and increasing overall mitochondrial function (El Idrissi, 2008; El Idrissi and Trenkner, 1999) . In RTT patients, oxidative stress markers are increased (De Felice et al, 2009) . Consistently with a harmful role of ROS in lipid metabolism and mitochondria functionality, brain profile of choline-containing phospholipids is abnormal in MeCP2 mutant mice (Saywell et al, 2006 and present study) and in patients (Naidu et al, 2001 ) and structural and functional anomalies of mitochondria and impairments in cerebral energy metabolism have been reported in both RTT patients (Belichenko et al, 2009; Cornford et al, 1994; Dotti et al, 1993; Gibson et al, 2010 ) and mouse models (Kriaucionis et al, 2006; Saywell et al, 2006) .
In full agreement with previous in vitro evidence of CNF1 effects on structure of the mitochondrial network (Miraglia et al, 2007) and in mitochondrial homeostasis (Fiorentini et al, 1998) , a CNF1-induced buffering of intracellular energy levels is also confirmed in present study by the increase, in both hippocampal and striatal areas, in PCr content. MRS also detected an increase in Glu in CNF1-treated mice. Although it is not known whether such an increase is of extracellular or intracellular source, it is worth noting that a concomitant elevation in Tau occurred. Notably, the latter is known to counteract Glu-induced excitotoxicity through both the enhancement of mitochondrial function and the regulation of intra-mitochondrial calcium homeostasis (El Idrissi, 2008; El Idrissi and Trenkner, 1999) .
As a whole MRS data therefore suggest a role for CNF1 in reducing ROS production and improving mitochondria functionality in RTT brains. Indeed, to resist host defense, several microbes have evolved defense mechanisms against oxidant production, which utilize Rho GTPases (Finlay, 2005; Siemsen et al, 2009) . As in vivo studies suggest that CNF1 production by E. coli strains mediates bacterial invasion of the host (Rippere-Lampe et al, 2001) , it is conceivable that the RhoGTPases-dependent mechanisms that are here proposed to be beneficial in RTT brains (eg, decreasing IL-6 expression and ROS production), may have evolved to modify central host cellular function and allow E. coli to resist host defense (Finlay, 2005; Siemsen et al, 2009 ).
In conclusion, our study provides the first evidence of the potential efficacy of CNF1 treatment in improving RTT symptomatology and suggests that different Rho-dependent pathways are responsible for the beneficial effects of the proposed treatment. Importantly, the use as control treatment of the mutant protein CNF1 C866S devoid of Rho enzymatic activity unequivocally confirms the pivotal role of RhoGTPases in the rescue of RTT symptoms, although further studies are needed to deeper understand the mechanisms of action of this bacterial toxin. Indeed, although RhoGTPases are critical for several cellular key processes and are involved in many pathological conditions, their pharmacological manipulation is so far still troublesome because of the lack of specific drugs. We believe that CNF1 could therefore represent a totally innovative therapeutic approach for RTT and, possibly, for other neurodevelopmental disorders (Chen et al, 2011a; Hayashi et al, 2007; Ide and Lewis, 2011; Mocholi et al, 2011) .
